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Abstract 
Ultrasonic sensors can be used to determine physical fluid parameters like viscosity, density, and speed of sound. In this 
contribution, we present the concept for an integrated sensor utilizing pressure waves to sense the bulk of the fluid. Longitudinal 
viscosity and speed of sound can be determined using interference effects whereas the acoustic impedance of the liquid can be 
sensed if interference is suppressed by introducing a wedge reflector in the setup. 
 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
Liquid property sensors gain more and more importance in the monitoring of many technical processes (e.g. drain 
intervals of lubrication oil can be based on online-measurement of selected physical parameters). A lot of recent 
work has focused on viscosity sensing often combined with sensing of other fluid parameters like the mass density 
or speed of sound in the liquid to be monitored. Standard laboratory equipment used for viscosity measurements 
mostly involves motors and/or rotating objects and is consequently bulky, maintenance-intensive and thus often less 
suited for online monitoring. Previously investigated miniaturized sensors utilizing shear vibrations suffer from the 
drawback that due to the strong attenuation of shear waves in the liquid only a thin fluid layer is being sensed [1]. 
We devised a novel sensor concept primarily based on the viscous attenuation of pressure waves, which enables to 
sense the bulk of the liquid sample. From the theory of the attenuation of acoustic waves in gases the attenuation of 
pressure waves in fluids is well known [2]. Using this principle, the longitudinal viscosity coefficient rather than the 
shear viscosity coefficient is sensed, which can also be used for condition monitoring applications [3]. This 
parameter is also particularly interesting since, for most liquids, it yet has not been analyzed in detail. Recently 
acoustic spectroscopy was utilized to determine the longitudinal viscosity [4, 5]. Compared to these approaches, we 
focus on an integrated sensor system rather than using laboratory equipment.  
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Fig. 1 Basic sensor setup (left) and model of the sensor system with the transducer as 3-port model combined with an acoustic transmission line 
representing the fluid (right). 
2. Theory and Modeling 
The concept we use for our sensor is based on the attenuation of pressure waves in a liquid sample. Fig. 1 shows 
the basic sensor setup. 
The basic sensor setup consists of two planar boundaries separated by a distance h which form the sample 
chamber. A PZT transducer, operating at 4 MHz, mounted in one of the boundaries imposes resonating pressure 
waves into the liquid in the sample chamber. When reflected by the opposite chamber wall, the pressure waves lead 
to a comb-like interference pattern in the spectrum of the transducers impedance. The system can be modeled using 
a standard 3-port model where the pressure wave propagation in the liquid is modeled by an acoustic transmission 
line as shown in Fig. 1. 
Using this setup, the longitudinal viscosity, which is given by O+2P, where P and O are the first and second 
coefficients of viscosity, respectively, affects the attenuation of the wave and thus the Q-factor of the resonances. 
The velocity of sound determines the spacing of the comb-like interference pattern that can be observed in the 
frequency response of the transducer’s electric impedance [3]. In a one-dimensional approximation, the pressure 
wave can be modeled by the following equations 
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Here, T, u, ] s, and Ufl are the normal stress, the displacement amplitude in the liquid, the adiabatic compressibility, 
and the mass density of the fluid, respectively. In this contribution, we particularly discuss results that were obtained 
when the reflecting wall was replaced by a wedge reflector such that interference effects are suppressed (in the 
equivalent circuit the transmission line can then be imagined as infinitely long). In that way, the acoustic impedance 
of the liquid affects the transducer’s electrical impedance. 
3. Simulation Results 
For the simulations of the full 1D-model the following parameters have been used: 
 
x PZT disk: diameter d=10 mm, l=0.5 mm, material PI-ceramic PIC-255, simulation data see [6]. 
x Geometry: h=29 mm 
x Fluids (data taken from [7], as the value of Ȝ is not known for most liquids yet it was set to zero such 
that the longitudinal viscosity is given by 2P):  
 
 ȡfl [kgm-3] cfl [ms-1] ȝ [Nsm-2] Ȝ [Nsm-2] 
none (air) 0991.161 1343 0-6 0 
water 0998.210 1497 00-3 0 
JO\FHURO   -3 0 
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Figure 2 shows simulation results for different glycerol-water mixtures using a reflecting wedge to supress the 
interference effects. The comb-like resonances [3] disappear and the dependence on the fluid’s acoustic impedance 
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can be seen. 
 
Fig. 2 Simulation results for glycerol-water mixtures using the metallic wedge. The comb-like resonances disappear and the dependence on the 
fluid’s Zac can be seen. 
4. Experimental results 
A prototype setup shown in Fig. 3 was built. The sample chamber is made of 1.5 mm FR4 PCB material. One of 
the walls has a PIC255 PZT disk (diameter d=10 mm, length l=0.5 mm) connected to an SMA connector embedded. 
The disk faces free space (air) at one side and the fluid sample on the other. For this device the distance h according 
to Fig. 1 is 29 mm. An Agilent 4294 impedance analyzer was used to measure the electrical impedance of the PZT 
transducer. The metallic wedge is needed for sensing the liquid’s characteristic acoustic impedance Zac. Fig. 4 shows 
the magnitude and phase of the transducers electrical impedance for the measuring cell filled with different media 
and using the metallic wedge to suppress the interference effects.  The qualitative behavior predicted by our model 
can be observed. The electrical impedance decreased with increasing Zac. However, it can bee seen that the 
simulation values differ from the experimental values. Reasons for the differences are, e.g., losses in the PZT disk 
itself, acoustic radiation into air, and additional damping due to the mounting of the transducer. Further 
improvements in the model and the prototype device are currently investigated (e.g. including transducer losses, 
PZT parameter fitting). 
 
 
Fig. 3 Prototype device with metallic wedge in the fluid chamber. The PZT transducer is embedded in the left wall. 
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Fig. 4 Measured electric transducer impedance for different glycerol-water mixtures using the metallic wedge reflector. 
5. Conclusion and Outlook 
We presented an approach for sensing fluid parameters utilizing acoustic pressure waves. First experimental data 
show a clear dependence of the electrical impedance on fluid parameters (e.g., sound of speed – frequency spacing, 
viscosity – damping). In the present contribution, the influence of the liquid’s acoustic impedance was particularly 
considered. A simple model enabling qualitative predictions of the sensor behavior was devised. Experimental data 
validates the predicted behavior from the simulation data, but also shows that the model needs further refinements.  
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